There has been rapid growth in research regarding the use of live bacterial cells for therapeutic purposes. The recognition that these cells can be genetically engineered to synthesize products that have therapeutic potential has generated considerable interest and excitement among clinicians and health professionals. It is expected that a wide range of disease modifying substrates such as enzymes, hormones, antibodies, vaccines, and other genetic products will be used successfully and will impact upon health care substantially. However, a major limitation in the use of these bacterial cells is the complexity of delivering them to the correct target tissues. Oral delivery of live cells, lyophilized cells, and immobilized cells has been attempted but with limited success. Primarily, this is because bacterial cells are incapable of surviving passage through the gastrointestinal tract. In many occasions, when given orally, these cells have been found to provoke immunogenic responses that are undesirable. Recent studies show that these problems can be overcome by delivering live bacterial cells, such as genetically engineered cells, using artificial cell microcapsules. This review summarizes recent advances in the therapeutic use of live bacterial cells for therapy, discusses the principles of using artificial cells for the oral delivery of bacterial cells, outlines methods for preparing suitable artificial cells for this purpose, addresses potentials and limitations for their application in therapy, and provides insight for the future direction of this emergent and highly prospective technology.
ORAL DELIVERY OF LIVE BACTERIAL CELLS FOR THERAPY: POTENTIALS AND LIMITATIONS
Intestinal flora are key to human health, as they play an important role in metabolic processes [1, 2] . With advances in genetic engineering, it is now possible to enhance this metabolic capacity. It is also possible to engineer nonpathogenic normal cells for desired metabolic activity and to produce therapeutic agents. Thus, inherited or engineered availability of special properties in these cells make them excellent candidates for therapeutic use. Indeed, the concept of ingesting live microorganisms for therapy (probiotics) can be traced back to the beginning of the 20th century [3] .
Since then, several promising studies have substantiated this concept. For example, oral feeding on Lactobacillus bacteria has been used for prevention and treatment of diarrhea in children [4, 5, 6] . Similarly, feeding on Lactobacillus casei strain Shirota (LcS) has been shown to enhance innate immunity [7] . Bacteria such as Bifidobacteria have been successfully used to treat intestinal disorders and to prevent rotaviral diarrhea in children [8] . In premature infants, feeding on lyophilized strains of B breve or B longum can restore the imbalance in the gut microflora [9, 10] . These latter strains can also suppress azomethane-induced colon carcinogenesis in rats [9] . Cultures of B longum reduced carcinogenesis by a food mutagen, 2-amino-3-methylimidazo [4,5-f] quinoline [9] . Certain strains of Lactobacilli have also been shown to significantly suppress intestinal tumors induced by chemical mutagens [9, 11] . Some human feeding studies with Lactobacilli suggest a possible effect in lowering cholesterol [9, 12, 13] . Recently, in a randomized, double-blind study, 27 healthy newborn infants were colonized with the nonpathogenic E coli 1917 during the first 5 days of life by daily oral inoculation (1.0 mL suspension containing 10 8 live cells). The colonization with true and potential bacterial pathogens was significantly reduced in infants receiving E coli 1917 [14] . Oral feeding on freezedried live Lactobacillus (LB) acidophilus cells in subjects with advanced chronic kidney failure has been shown to lower elevated levels of uremic toxins [15] .
In another study, a carcinogen, nitrosodimethylamine (NDMA), and the toxin dimethylamine (DMA) were lowered significantly by oral feeding on LB cells with no side effects of the therapy. Other studies indicate that renal failure stones can be treated using high concentrations of freeze-dried lactic acid bacteria [16] , LB cells can change small bowel pathobiology reducing in vivo generation of toxins and carcinogens with no adverse side effects [15] , plasma uremic toxins can be markedly lowered in patients after oral administration of LB cells [16] , and bactericides
2005:1 (2005)
Delivery of Live Bacteria in Artificial Cells for Therapy 45 and E coli cells can be used to treat gastrointestinal (GI) tract disorders [17] . In addition, there is also evidence to suggest that ingesting a strain of Bifidobacterium lactis can enhance general immunity [18] , and that ingesting certain strains of LB cells can increase secretary IgA levels and rotavirus-specific antibodies [19, 20] . Recently, it was demonstrated that Lactococcus lactis bacteria can be genetically engineered to produce cytokine interleukin-10 (IL-10) and it can be used for inflammatory bowel disease (IBD) therapy by oral delivery [21] . Thus, there is considerable evidence supporting the importance of oral feeding on live normal or genetically engineered bacterial cells for diverse therapeutic applications highlighting the underlying potential of this approach to therapy. Table 1 summarizes the potential of the use of bacterial cells to therapy. While existing live bacterial cell therapies show great therapeutic potential, they have several limitations. For instance, when given orally bacterial cells are exposed to difficult GI conditions and experience low survival [22, 23, 24] requiring that a large dosage be given. However, large quantities of live bacterial cells, delivered orally, can stimulate host immune response [25, 26, 27, 28, 29] . In fact, a normal daily intake of 250 mL of yogurt would only correspond to 500 milligrams of cell dry weight (CDW) of bacteria, and of those bacteria ingested only 1% would survive gastric transit limiting the overall therapeutic effect [30] . Furthermore, when given orally, live bacterial cells can be retained in the intestine [26, 27, 31, 32] and repeated large doses could result in their replacing the normal intestinal flora [33] . In addition, risk of systemic infections, deleterious metabolic activities, adjuvant side effects, immunomodulation, and risk of gene transfer limit their widespread use [26, 32, 34, 35, 36] . These limitations have raised concerns about the safety of the approach and prevented receiving approval from regulatory agencies and hence precluded the adoption of this form of therapy in regular clinical practice [26, 32, 34, 35, 36, 37] .
POTENTIAL OF ARTIFICIAL CELLS FOR ORAL DELIVERY OF LIVE BACTERIAL CELLS FOR THERAPY

Principle of artificial cells for oral delivery of bacterial cells for therapy
Artificial cell microencapsulation is a technique used to encapsulate biologically active materials in specialized ultrathin semipermeable polymer membranes [58, 59] . The polymer membrane can protect encapsulated materials from harsh external environments while at the same time allowing for the metabolism of selected solutes capable of passing into and out of the microcapsule. In this manner, the enclosed material (in this case live bacteria) can be retained inside and separated from the external environment, making microencapsulation particularly useful for biomedical and clinical applications [60, 61, 62] . Studies show that artificial cell microcapsules can be used for oral administration of live genetically engineered cells that can be useful for therapeutic functions [63, 64] . Al-
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Blood vessels Figure 1 . The principle of orally administered artificial cells containing bacterial cells for therapy. The semipermeable membrane excludes antibodies, tryptic enzymes, and other external materials but allows smaller molecules (amino acids, bile acids, ammonia, gasses, etc) to enter and be acted on by the enclosed microorganisms. Also, small molecules (including some peptides) produced by the enclosed bacterial cells can be designed to diffuse out into the body for therapy.
though the live cells remain immobilized inside the microcapsules, microencapsulation does not appear to hinder their growth kinetics [65] . The microcapsules remain intact during their passage through the intestinal tract and are excreted intact in the stool in about 24 hours. The cells are retained inside, and excreted with, the intact microcapsules addressing many of the major safety concerns associated with the use of live bacterial cells for various clinical applications. The membranes of the microcapsules are permeable to smaller molecules, and thus the cells inside the microcapsules metabolize small molecules found within the gut during passage through the intestine [58, 63, 64, 65, 66, 67] . Figure 1 summarizes the basic concept of artificial cells for oral delivery of bacterial cells for therapy.
The GI tract provides a blood/environment interface that we use often for nutrition, excretion, maintaining water and electrolyte balance, and occasionally for various therapies including the delivery of drugs. Interaction with this system through input of nutrients, water, and drugs 
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Bacteria express lipolytic activity with substantial enzyme stability in human gastric juice leading to the increased absorption of lipids in the small intestine.
By one mechanism, innate immunity is enhanced by stimulating the activity of splenic NK cells. While antigen-feeding alone was shown to prime for an immune response, cofeeding on antigen and probiotic bacteria suppressed both antibody and cellular immune responses and may have the potential to attenuate autoimmune diseases (eg, encephalomyelitis) by jointly dosing with myelin basic protein and probiotic bacteria. [7, 52, 53, 54] Lower cholesterol
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(1) Bacteria may bind or incorporate cholesterol directly into the cell membrane.
(2) Bile salt hydrolase (BSH) enzyme deconjugates intraluminal bile acids making them less likely to be reabsorbed into the enterohepatic circulation (ECH), causing de novo synthesis of bile acids from blood serum cholesterol ( Figure 2 ). [12, 13, 55] Chronic kidney failure
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Small bowel bacterial overgrowth is well known to occur in end-stage kidney failure and is responsible for producing uremic toxins and contributing to decreased nutritional well-being. Certain bacteria are shown to reduce blood levels of uremic toxins produced in the intestine as bacterial putrefactive metabolites, especially that of indican, dimethylamine, and nitrosodimethylamine (a carcinogen) by inhibiting bacterial production by means of correcting the intestinal microflora.
[ 15, 56] Kidney stones
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Urinary excretion of oxalate, a major risk factor for renal stone formation and growth in patients with idiopathic calcium-oxalate urolithiasis, can be greatly reduced with treatment using a high concentration of freezedried lactic acid bacteria. Oxalate-degrading enzymes produced by these microorganisms or by Oxalobacter-type bacteria breaks down the unwanted oxalate and can be used to prevent the subsequent evolution of kidney stones.
[ 16, 57] (a) (b) is further complicated by the fact that the GI tract maintains several internal cycles used to preserve the balance of various molecules like bile acids, amino acids, and other recyclable molecules. This enterorecirculation thus provides an opportunity for the therapeutic action of encapsulated bacterial cells. By this motivation, interaction with this vast interface poses great interest to nutritional health scientists, advocates of probiotics, designers of oral drugs, and more recently those interested in oral therapy with live bacterial cells. Artificial cells are enormously versatile in that they may contain gasses, drugs, enzymes, antibodies, cell extracts, polymers, proteins, and evenwhole cells. For many applications a single trapped enzyme or delivered drug may provide a curative effect; however, in many other cases the breakdown of an unwanted metabolite, or the production of a protein, may be better carried out by a microorganism. That is to say, the complex metabolism of various microorganisms can be encapsulated and used, in effect, as miniature bioreactors for therapy. Also, the hardy growth characteristics and short replication times of various bacterial strains make them perfect for mass production and as effective agents for orally delivered artificial cell therapy. Furthermore, as mentioned earlier in the last two decades, there has been an explosive increase in molecular biology research leading to the generation of many genetically engineered microorganisms with special properties. Microorganisms can be easily engineered to overproduce enzymes and peptides and to metabolize large amounts of unwanted metabolites and others. For these reasons, artificial cells containing bacterial cells are very good candidates for oral artificial cell therapy Figure 2 . This concept has immediate application for microencapsulation-based oral therapy in renal failure and liver failure [63] , physiologically responsive gene therapy [58, 68] , and somatic gene therapy [69] .
Methods for preparing artificial cells
The versatility of various formulations of artificial cells has been well documented; however, choosing a membrane is not a "one-size-fits-all" decision-artificial cell membranes should be selected or designed for each specific therapeutic device, as one may engineer several different membranes for artificial cell preparations with required membrane properties for a desired application. The use of different membranes allows for variations in permeability, mass transfer, mechanical stability, buffering capability, biocompatibility, and other characteristics. A balance, however, has to be maintained among the physical properties of capsule membranes so as to support the entrapped cells' survival. The mass transport properties of a membrane are critical since the influx rate of molecules, essential for cell survival, and the outflow rate of metabolic waste ultimately determine the viability of entrapped cells. Ordinarily the desired capsule permeability is determined by the molecular weight cutoff (MWCO) and is application-dependent. The MWCO is the maximum molecular weight of a molecule that is allowed passage through the pores of the capsule membrane [70] . For transplantation, the MWCO must be high enough to allow passage of nutrients but low enough to reject antibodies and other immune molecules. The MWCO of orally delivered microcapsules must allow for the passage of unwanted metabolites from the plasma into the microcapsule and then must either facilitate the subsequent removal of the altered molecule or provide for its storage [70] . The most common type of membrane used for cell therapy is the single alginate-based polymer membrane; however, several other substances are being used such as various proteins, polyhemoglobin, and lipids [70, 71] . Yet another approach for membrane composition is to use a biodegradable synthetic polymer such as polylactide, polyglycolic acid, and polyanhydride. There are various methods available for preparing artificial cells containing live bacterial cells for therapy. For example, for preparation of the classic alginatepolylysine-alginate (APA) membrane, the live bacterial cells are suspended in a matrix of the natural polymer alginate (1.5%). The viscous polymer-bacterial suspension is passed through a 23-gauge needle using a syringe pump. Sterile compressed air, passed through a 16-gauge coaxial needle, is then used to shear the droplets coming out of the tip of the 23-gauge needle. The droplets are allowed to gel for 15 minutes in a gently stirred ice-cold solution of solidifying chemicals, such as CaCl 2 (1.4%). After gelation in the CaCl 2 , the beads are then washed with HEPES (0.05% in HEPES, pH 7.20), coated with polylysine (0.1% for 10 minutes) and washed again in HEPES (0.05% in HEPES, pH 7.20). The resultant capsules are then coated by reaction with alginate (0.1% for 10 minutes) and washed with appropriate chemicals to dissolve their inner core content. For this step a 3.00% citrate bath (3.00% in 1 : 1 HEPES-buffer saline, pH 7.20) is often used. The microcapsules formed can then be stored at 4
• C in minimal solution (10% cell nutrient to 90% water).
Mechanical stability
If more sturdy microcapsules are required and the above method fails to produce the desired quality of microcapsules, a second more complex method can be employed. It is a 2-step method developed by Wong and Chang [73, 74] . Briefly, much smaller alginate beads containing live cells are produced at a much higher shear force than above. One millilitre of these small alginate gel beads are then added to 1 mL solution of sodium alginate (1.2%-1.6%). The rest of the method is the same as above starting with droplet formation using a 23G needle. This extra step will prevent cell leakage and limit the exposure of surface antigens found on the membranes of the encapsulated microorganisms.
Large-scale production of artificial cell microcapsules
If large-scale preparation of sterile microcapsules containing bacterial cells is required, automated encapsulators such as the Inotech Encapsulator produced by Biosystems International Inc (Rockville, Md, USA) can be used. This type of encapsulator is not based on the shear drop method, but is based on the principle that a laminar liquid jet is broken into equally sized droplets by a superimposed vibration. Furthermore, an electrostatic charge may be applied to each microcapsule so that a funnel-like spray of droplets is produced and a more homogeneous set of microcapsules result. This type of microencapsulator can manufacture large numbers of superior-quality microcapsules and can facilitate the procedures described in the methods outlined above.
Membranes used for artificial cells for oral delivery of bacterial cells
The design of a membrane, intended for use in oral live bacterial cell therapy, must take into consideration several primary factors so as to minimize microbial death and maximize therapeutic effectiveness. To assure their efficacy, artificial cells intended for oral administration must be designed to protect their living cargo against both acidic environment of the stomach and immunoglobulin released by the intestinal immune response. For this reason research has historically focused on the buffering capability of microcapsule membranes in simulated human gastric environments and the ability of various membranes to oppose immunoglobulin penetration. Several examples of artificial cell design follow with emphasis on research related to these core and essential characteristics.
Rao et al [22] described a method to encapsulate freeze-dried B pseudolongum using cellulose acetate phthalate (CAP) coated with beeswax, showing that encapsulated B pseudolongum is able to survive the simulated gastric environment in larger numbers than nonencapsulated cells [22, 24] . A Brazilian group recently prepared probiotic microorganisms including Lactobacillus and Bifidobacteria by spray drying, again using CAP as the wall material, evaluated the resistance of these microorganisms to drying at three temperatures, and evaluated in vitro tolerance to pH values and simulated human bile concentrations [75] . They found that the CAPprepared microorganisms were better able to protect the microorganisms from an acidic environment and were resistant to conditions of a simulated human bile environment [75] . In another study, encapsulation of Bifidobacteria inbutter-oil-and-whey-based medium was proposed but was shown to be ineffective in preventing acid injury to bacteria in both low acid and high acid environments [76] .
Overall, calcium alginate and k-carrageenan-locust bean gum gel beads have been the two most commonly used polymers for immobilizing viable cells [77, 78] . Alginate beads, however, have displayed the undesirable property of limited acid resistance, and it has been reported that alginate beads undergo shrinkage and decreased mechanical strength in acidic conditions [78, 79] . In order to overcome this challenge, coating the bacteria by cross-linking with a carboxyvinyl polymer carrier has been suggested and was shown to be effective for intestinal delivery [80] . K-carrageenan-locust bean gum gel beads are less sensitive to acidic conditions than alginate beads and hence have been used for lactic fermentation. The formation of k-carrageenan-locust bean gum beads, however, requires a high concentration of potassium ions and for this reason two major limitations preclude their widespread use: firstly, high concentrations of potassium ions could potentially damage the cells of B longum during lactic fermentation [81, 82] ; and secondly, it has been pointed out that as potassium ions are important in maintaining electrolyte equilibrium, their inclusion in the diet in large amounts would not be recommended [1, 83] . Gellan-xanthan beads, on the other hand, are not only acid-resistant but are also stabilized by calcium ions [84] , suggesting that they could be a good candidate for immobilizing bacterial cells and protecting them against acid injury [85] ; however, gellan-xanthan beads do not provide adequate immune protection. Similarly, agarose microcapsules prepared by emulsification/internal gelatinization for oral delivery of Bacillus Calmette-Guerin (BCG) cells, although stable for up to 12 months in vitro, have not yet been shown suitable for oral delivery, as agarose membranes do not provide sufficient immunoprotection [84, 86] . Thus, agarose microspheres with the addition of various polymer coatings have been proposed [87] . Among other formulations, gelatin and polymer-coated gelatin capsules have been studied for oral delivery of live bacterial cells [88, 89] . Although gelatin (with 20% w/v of the polymer) has shown promising results in vitro, a radiological study among human volunteers has shown that uncoated gelatin capsules disintegrate within 15 minutes of ingestion [90, 91] .
Although a host of other formulations have been studied to date (including using gum arabic, milk-derived whey proteins, soluble starch, and others [26, 89, 92, 93, 94, 95, 96, 97] ) the most promising formulation is the encapsulation of calcium alginate beads with poly-L-lysine (PLL) forming APA microcapsules. In the APA membrane microcapsule, alginate forms the core and matrix for the cell and PLL binds to the alginate core. Binding of PLL to alginate is the result of numerous long-chain alkylamino groups within PLL that extend from the polyamide backbone in a number of directions and interact with various alginate molecules, through electrostatic interactions. The resulting cross-linkage produces a stable complex membrane that reduces the porosity of the alginate membrane and forms permanent immunoprotective barriers as shown in Figure 4 .
One possible drawback to this system is as some studies have suggested that APA microcapsules may provoke an inflammatory response [105] , and although the latter was observed in cell transplantation studies, one can envision the possibility of similar adverse reactions during oral therapy especially when large quantities of microcapsules are used and further accentuated when the patient suffers from internal GI bleeding. The conventional APA microcapsule has thus been shown to pose limitations for general use in the oral administration of microencapsulated bacterial cells for therapy. Some studies have shown that this classic formulation has inadequate stability in the GI tract for some applications [106] , while other researchers have shown that APA microcapsules have a controversial permeability [107] . Furthermore, it has been reported that it is difficult to obtain a membrane, optimizing all the properties requested for a successful clinical application, by the process of binary polyelectrolyte complexation [108] .
A potential solution to these problems is the use of multilayer membrane formation based on the electrostatic attraction of oppositely charged macromolecules with a charge reversal at each step of the macroion adsorption. This technique makes it possible to modulate the MWCO and retain high mechanical stability at the same time. Specifically, Alginate/Poly-L-lysine/Pectin/ Poly-L-lysine/Alginate (APPPA), Alginate/Poly-L-lysine/ Pectin/Poly-L-lysine/Pectin (APPPP), and Alginate/Poly-L-lysine/Chitosan/Poly-L-lysine/Alginate (APCPA) membranes have been prepared and tested for their strength and GI stability [109, 110] . It has been shown that these multilayer membrane formulations perform well in GI stability tests, providing for increased resistance to complete dissolution in water, dilute acids, and base, as well as in the presence of ion cheaters, while allowing for more precise control over membrane permeability.
Production and storage of artificial cells for oral delivery of bacterial cells
The considerations for production and storage of artificial cells for oral delivery of bacterial cells have been outlined [111] and should include an evaluation of the stresses to which probiotic products are exposed during production and during passage in the GI tract. Certain stresses, associated with microcapsule production, have been identified that must be considered, including exposure to high concentrations of fermentation by products, harvesting procedures, freezing, drying, exposure to oxygen, and osmotic pressure from salts [111] . In the GI tract designers must minimize the stresses of long exposure times to stomach acid, antimicrobial compounds, bile acids, and oxygen, and the stress of rehydration in a highly acidic environment [111] . Siuta-Cruce and Goulet have shown that microencapsulation is an efficient barrier against chemical entities such as moisture, oxygen, and acids, as well as a good protector against short exposure to high temperatures and pressure [111] .
Despite the numerous considerations, it has been found that artificial cells for bacterial cell therapy can be successfully stored and delivered in several different formulation modalities. Microencapsulated bacterial cells can be incorporated into foodstuffs such as fermented milk products (yogurt and ice cream) as active ingredients, or can be added as a nonactive supplement to food products in their microencapsulated form. Alternatively, microcapsules carrying bacterial cells can be dehydrated and incorporated into capsules or into pill form with a shelf-life of up to two years [112] . Institute Rosell partnered with Balchem have reported results in which encapsulated bacteria, incorporated into compressed tablets, have an unprecedented 100% delivery rate compared to the industry standard of 50%-75% bacterial survival in compressed tablets [111] . Also, microcapsules can be stored for months at low temperature in minimal solution and can be administered in drink format ( Figure 5) . Table 2 is a comprehensive list of the potential therapies based on the oral delivery of artificial cell microencapsulated bacterial cells for therapy [63, 75, 88, 96, 97, 98, 99, 100, 101, 102, 103, 104] .
FUTURE DIRECTION
Recombinant technology will continue to generate valuable nonpathogenic genetically engineered bacterial cells and other genetically engineered cells that have potentially therapeutic functions or that produce therapeutic products useful in the treatment of disease. Future research must focus on overcoming the inherent obstacles in delivering these engineered products to therapeutically relevant and favorable sites. Thus, improvements must be centered on the design of microcapsule membranes, methods for improved cell harvest and microcapsule mass production, and methods of low-cost and effective storage. Currently, however, microencapsulation appears to be the best available technology to preserve the potency of probiotic products to be delivered into the GI tract; thus, future investigation may prove to allow for the efficient and effective use of bacteria in therapeutics or advanced food systems and allow manufactures to place assurances on the viability and quantity of bacteria in such advanced therapeutics and food products. Live microorganisms delivered orally to a diver's large intestine during hyperbaric exposure to a gas mixture containing H 2 or N 2 metabolizes the H 2 or N 2 gas to other compounds such as methane or water for hydrogen and ammonia for nitrogen to prevent decompression sickness or reduce decompression time.
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